By means of one-dimensional simulations, we study the collapse of a quiescent, nonmagnetized lamentary molecular cloud, taking into account the heating and cooling processes. At the initial state, the model cloud has the central density of 10 3 cm ?3 and temperature of 15 K. We follow its contraction until the central density reaches to 10 10 cm ?3 . The cloud contracts mainly due to the CO line cooling and cooling by gas-dust interaction. During the contraction, the cloud temperature stays nearly constant at 10 K. When the central density exceeds 10 4?5 cm ?3 , a shock wave is formed at r 0:05 pc. The shock wave separates the cloud into two parts, i.e., a dense spindle and a di use envelope. Applying linear theory, we nd that the collapsing spindle is likely to fragment into dense cores by the stage that the central density reaches to n c 10 8?9 cm ?3 , if the amplitude of the perturbation is greater than A > 10 ?2 . The masses of the dense cores depend on the initial amplitude of the perturbation. When the initial amplitude of the perturbation is small (A < 10 ?1 ), the spindle fragments into cores with mass of 0:1 ? 0:5M . On the other hand, when the spindle has relatively large inhomogenity (A 10 ?1 ), it fragments into cores with mass of 10M .
INTRODUCTION
Recent observations have revealed that most molecular clouds have lamentary shapes and contain many dense cores. The typical dense core has a size of the order of 0.01 ? 0.1 pc, mean density of 10 4?5 cm ?3 , temperature of T 10 K, and mass of a few M in the low-mass star forming region (e.g., Myers & Benson 1983; Mizuno et al. 1994; Ward-Thompsom et al. 1994) . The dense core often has one or more YSOs. This indicates that the dense core is the most fundamental unit that can collapse to form stars. The mass of the dense core is expected to relate to the masses of stars forming in it. It is thus important to understand what determines the typical mass of the dense core.
Dense cores are expected to be formed by fragmentation of the parent lamentary cloud. The fragmentation process is then in uenced by various factors: e.g., self-gravity, thermal pressure, turbulence, and magnetic eld. Many authors have investigated the e ects of these factors on the fragmentation process of molecular clouds. Most of these calculations have been performed under the assumption of isothermal gas. However, real clouds are not exactly isothermal. Thermal cooling has been expected to initiate the cloud contraction and induce fragmentation of the cloud (Clarke & Pringle 1997; Nelson & Langer 1997; Shematovich, Shustov,& Wiebe 1997; Whitworth & Clarke 1997; Masunaga, Miyama, & Inutsuka 1998) . In particular, when the cloud does not have appreciable turbulent motion, the thermal property of the gas is most likely to in uence the fragmentation process because the scale of fragmentation is determined by the competition between self-gravity and thermal pressure. In this paper, we focus on the e ect of thermal evolution on the fragmentation process, and estimate the typical mass of the dense core formed by fragmentation of a lamentary cloud. We do not consider here the e ects of turbulence and magnetic eld. These e ects will be included in future work. This paper is organized as follows. In x2 we describe our model and assumptions. In x3 we investigate the collapse of a lamentary cloud by means of one-dimensional simulation, taking into account the heating and cooling processes. In x4, applying linear theory to our numerical results, we estimate the mass scale of fragmentation.
MODEL CONSTRUCTION
We followed the evolution of a lamentary cloud, taking into account the following thermal processes (Hollenbach & McKee 1979; Hasegawa 1988) : (1) grain photoelectric heating, (2) cosmic ray heating, (3) CI photoionization heating, (4) H 2 formation heating, (5) gas-dust interactions, and (6) CI, CII, OI, and CO ( 12 CO, 13 CO, C 18 O) line coolings. The adiabatic index, , is taken to be 5/3. The abundances of the C and O atoms are taken to be 0.01 % and 0.02 % of that of H nuclei by number, respectively. The abundances of CI, CII, OI, and CO are determined by the analytical formula of Falgarone & Puget (1985) . The strength of external UV ux is assumed to be equal to the standard interstellar value (Habing 1968) . We adopt the escape probability method in the evaluation of the line cooling rates by CI, CII, OI, and CO (de Jong, Dalgarno, & Boland 1980) . We consider the L-level system for each species and obtain the level population under the assumption of statistical equilibrium. We adopt L = 3, 2, 3, and 18 for CI, CII, OI, and CO, respectively. It is worth noting that other molecules such as H 2 O do not contribute signi cantly to the total cooling rate in the present situation. The cooling by other molecules exceeds that of CO in the dense region of n > 10 5 cm ?3 for T < 50 K (Neufeld, Lepp, & Melnick 1995) . However, in such a dense region, the cooling by gas-dust interactions is most dominant and the temperature of the gas does not exceed 50 K in our calculations.
As a model of a lamentary cloud we consider an in nitely long cylindrical cloud in which the density is uniform along the cylinder axis. We assume that the cloud is axisymmetric. We { 3 { neglect the e ects of turbulence and magnetic eld. These e ects will be included in future work. Our model is expected to be applicable to quiescent molecular clouds in which thermal pressure plays an important role on the cloud support against gravitational contraction (e.g., Clemens & Barvainis 1988) . Recent numerical simulations of interstellar turbulence have shown that in turbulent clouds, elongated structure is a ubiquitous feature (e.g., Vazquez-Semadeni, Passot, & Pouquet 1996) . Our model may be applicable also to such an elongated structure if turbulence dissipates in it and it becomes self-gravitating. At the initial state, we assume that the gas is at rest and the temperature is spatially uniform for simplicity. The radial distribution of the density is expressed as n = n 0 h 1 + (r=R l ) 2 i ?2 for r R s ;
(1) = n s for R s < r R e ;
( 2) where R l = 2fkT 0 = ( G 0 m H )] 1=2 and R s = R l (n 0 =n s ) 0:5 ? 1 1=2 . The symbols r, n 0 , T 0 , f 1=2 , n s , , and m H are the radial coordinate in the cylindrical ones, the central number density, temperature, the radius in unit of that of the equilibrium cloud, lower limit of the number density, mean molecular weight, and mass of a hydrogen atom, respectively. This model is speci ed by the parameters n 0 , T 0 , and f. When f = 1, the cloud is in hydrostatic equilibrium in the region of n n s and its density distribution accords with that of an isothermal lamentary cloud in equilibrium. Note that the line mass of the equilibrium cloud depends only on the temperature T 0 , where the line mass is the mass per unit length along the lament axis. When a lamentary cloud forms through gravitational fragmentation of a sheet-like cloud, its line mass is estimated to be l 2 d m H d 4kT 0 =( G), which is twice that of the equilibrium cloud; i.e., f = 2 (Miyama, Narita, & Hayashi 1987) . Here d , m , and H d are the mass density of the parent sheet-like cloud, the wavelength of the most unstable linear perturbation, and the half thickness of the sheet-like cloud, respectively. Thus, in this paper we adopt f = 2 for a typical model. We solved numerically one-dimensional hydrodynamical equations with an upwind TVD scheme having second-order accuracy in space and time (Nobuta & Hanawa 1998). 
COLLAPSE OF A FILAMENTARY CLOUD
We have pursued the evolution of many models with di erent parameters in the ranges of 10 3 < n 0 < 10 4 cm ?3 , 10 < T 0 < 50 K, and 2 < f < 10. We have found that the evolution depends only weakly on the parameters. In this section, as a typical example, we show the evolution of the model with the parameters (n 0 ; T 0 ; f) = (10 3 cm ?3 ; 15 K; 2). The values of R l , n s , and R e are then equal to 0.81 pc, 50 cm ?3 , and 2.2 pc, respectively. Figure 1 shows the evolutions of the temperature (T c ) and net radiative cooling rate ( total ) at the center as a function of the central density (n c ). For comparison, we show the heating rate by gravitational compression (? grav ), the CO cooling rate ( CO ), and the cooling rate by gas-dust interactions ( dust ). Gravitational compression is the most e cient heating source during the contraction, where the heating rate by gravitational compression is de ned as ? grav (P= )(d =dt). During the contraction, the cloud temperature stays nearly constant at 10 K because total nearly balances with ? grav . Until the central density reaches to 10 5 cm ?3 , the gas cools mainly by CO line transitions. When the central density exceeds 10 5 cm ?3 , dust becomes dominant and nearly balances with ? grav .
In Figure 2 the time variations of the the density and temperature distributions are plotted at several dynamical stages. Since at the initial state the gravitational force is greater than the pressure force, the cloud collapses nearly in a free-fall time. When n c exceeds 10 4?5 cm ?3 , the CO cooling becomes less e ective in the region of r < 0:05 pc because the optical depths of dominant cooling transitions become greater in the dense region of n > 10 4?5 cm ?3 . Alternatively, gas-dust interactions begin to work as cooling sources because the dust temperature becomes less than the gas temperature. The contraction decelerates in the central region, while in the outer region the gas falls supersonically toward the center. As a result, a shock wave forms around r 0:05 pc. The shock surface separates the cloud into two parts in di erent dynamical states: a dense spindle and a di use envelope. In the spindle the gas cools mainly by gas-dust interactions. During the contraction, the outer part of the spindle has a power-law density distribution of / r ?2 (see Appendix B of Nakamura & Umemura 1998). This is di erent from that of the isothermal model:
/ r ?4 (e.g., Miyama et al. 1987) . When n c exceeds 10 7?8 cm ?3 , the contraction time in the spindle t cont =(@ =@t)] is more than ve times longer than the free-fall time at the center t (4 G c ) ?1=2 ], while t cont in the spindle is much shorter than that in the envelope. Therefore the spindle collapses almost independently of the envelope. Figure 3 shows the evolution of the line mass of the spindle as a function of n c . For comparison, we also show the line mass of the model with (n 0 ; T 0 ; f) = (10 3 cm ?3 ; 15 K; 10).
During the contraction, the line mass keeps its nearly constant value of 10 ? 15 M pc ?1 , irrespective of f. Here we de ne the line mass as the density integrated over r up to the radius at which the density is one tenth of the value at the center, 
It is worth noting that this constant line mass almost coincides with that of an isothermal lamentary cloud in equilibrium with T = 10 K. It indicates that in the spindle the gravitational force nearly balances with the pressure force. Such evolution is explained as follows. The polytropic cylindrical (P / ) cloud in hydrostatic equilibrium is stable against a dynamical contraction for > cr = 1 cr = 4=3 for a spherical cloud]. In our model the e ective value of exceeds cr during 10 4 < n c < 10 5 cm ?3 . Therefore the contraction of the spindle decelerates, whereas the envelope gas ows to the spindle with supersonic speed. Thus the shock wave is generated at the surface of the spindle. When n c exceeds 10 5?6 cm ?3 , the cooling by gas-dust interactions becomes dominant and their cooling rate nearly balances with the gravitational heating rate. After n c reaches to 10 5?6 cm ?3 , the dust cooling and gravitational heating rates are approximated to be dust 4 (T) SB T 4 / nT 6 and ? grav P=t / n 3=2 T, where is the Plank mean opacity of dust grains and SB is the Stefan-Boltzmann constant. If dust balances with ? grav , then the temperature evolves as T / n 0:1 ; i.e., the e ective value of ( 1:1) exceeds cr . Thus, when n c exceeds about 10 6 cm ?3 , the contraction decelerates gradually.
For comparison, we calculated the evolution of a spherical cloud having the same density distribution as eqs. (1) and (2) except r is the radial coordinate in the spherical ones. With a one-dimensional spherical version of the code, we pursued its evolution from the initial state (n c = 10 3 cm ?3 ) to the stage that n c reaches about 10 8 cm ?3 . During the contraction, a shock wave is not generated in the cloud. The collapse is well reproduced by the similarity solution of an isothermal sphere (Larson 1969; Penston 1969) . This is because the isothermal sphere is unstable against the dynamical contraction ( cr = 4=3).
FRAGMENTATION OF A COLLAPSING FILAMENTARY CLOUD
In x3 we studied the collapse of the lamentary cloud due to radiative cooling. During the contraction the shock wave is formed at r 0:05 pc. The shock wave separates the cloud into the spindle and its envelope. The spindle slowly contracts, keeping the temperature at T 10 K. The slowly contracting spindle is expected to fragment into dense cores, which can collapse to form stars. In the following, applying a linear theory to our numerical results, we estimate the mass scale of fragmentation.
According to the linear theory of an isothermal lamentary cloud, the perturbation grows fastest when its wavelength is about four times longer than the cloud diameter (Larson 1985) . The wavelength and growth rate of the most unstable perturbation depend on the density and temperature. They therefore change as the collapse proceeds.
We consider here the density perturbations growing in the form of (t)= (t) = A exp ik z z ?
where k z and ?i! denote the wavenumber and the growth rate of the perturbation, respectively. For the growth rate, ?i!(k z ; t), we adopt a tting formula of Nakamura, Hanawa, & Nakano (1993) . The symbol A denotes the initial amplitude of the perturbation. When = exceeds unity, the evolution of the perturbation will become nonlinear and the cloud will break into pieces. Figure 4 shows the evolution of the density perturbations. Until n c reaches 10 7?8 cm ?3 , the density perturbation has a peak around 0:8 pc. If the initial perturbation has the amplitude greater than A > 0:1, then the spindle is likely to fragment into cores with mass of l max 10 M by the stage that n c reaches 10 6 cm ?3 . When n c exceeds 10 7?8 cm ?3 , another peak appears around 0:01 ? 0:05 pc. The latter peak grows faster in time. The wavelength of the latter { 6 { peak shifts gradually toward shorter wavelength. When n c exceeds 10 8 cm ?3 , the contraction time of the spindle becomes more than ve times of the free-fall time. Therefore, even if the initial amplitude of the perturbation is small (e.g., A 0:01), the spindle fragments into cores with mass of l max 0:1 ? 0:5M by the stage that n c reaches 10 8?9 cm ?3 . Roughly speaking, the wavelengths of the former and latter peaks corresponds to those of the most unstable linear perturbations at the epoch of shock formation (n c 10 4 cm ?3 ) and at the stage that the cooling by gas-dust interactions begins to be dominant (n c 10 7 cm ?3 ), respectively. In other words, the former relates mainly to the CO cooling, while the latter does the cooling by gas-dust interactions.
Our results show that there are two characteristic masses; 10M and 0:1 ? 0:5M . The evolution of the spindle thus depends on the initial amplitude of the perturbation. When the amplitude of the perturbation is small, the spindle fragments into cores with mass of 0:1 ? 0:5M .
On the other hand, when the cloud has relatively large inhomogenity (i.e., A > 0:1), it fragments into cores with mass of 10M . In real molecular clouds, the amplitude of the perturbation does not seem to be very small. If A 0:1, then the typical mass of the fragment is equal to 10M . This mass may correspond to the typical mass of molecular cloud cores observed with the CO emission. Such a fragment may have a prolate shape because the wavelength of the fastest growing perturbation is much longer than the diameter of the spindle. When a prolate core forms, it is likely to collapse into a denser spindle (Boss 1993) . Such a secondary spindle continues to contract due to the cooling by gas-dust interactions. Thus it may again fragment into smaller cores with mass of 0:1 ? 0:5M . The cores with mass of 0:1 ? 0:5M may be the most fundamental unit that can collapse to form stars in molecular clouds.
This result is di erent from that expected from an isothermal model; a collapsing isothermal lamentary cloud is stable against fragmentation because the radial contraction proceeds faster than the fragmentation. Thus, such a cloud becomes unstable against fragmentation only when it becomes opaque against the thermal radiation by dusts and the radial contraction decelerates appreciably, i.e., n 10 10?11 cm ?3 (Truelove et al. 1997 ; see also Inutsuka & Miyama 1997) . This density corresponds to the mass of 10 ?3 M , which is much smaller than stellar masses. In our model, the collapsing cloud fragments at an even earlier stage. This is because the isothermal lamentary cloud is marginally stable against dynamical contraction. Filamentary clouds are sensitive to thermal properties of the gas.
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(1)
(6) Fig. 2 .| Evolution of the number density and temperature pro les at the stages of (1) n c = 10 3 (the initial state), (2) 10 4 , (3) 10 5 , (4) 10 6 , (5) 10 7 , and (6) 10 8 cm ?3 , respectively. The solid and dashed curves denote the number density and temperature, respectively. The solid curves denote = at the stages of (1) n c ' 10 5 (t = 1:41 10 6 yr), (2) 10 6 (1:47 10 6 yr), (3) 10 7 (1:50 10 6 yr), (4) 10 8 (1:51 10 6 yr), and (5) 10 9 cm ?3 (1:52 10 6 yr).
